Introduction {#sec1}
============

Neoplasms of the central nervous system (CNS) are a diverse group of tumors with different types of primary brain tumors and metastatic tumors. Glioblastoma and meningioma are the most common subtypes, accounting for over 80% of brain tumor cases \[[@cit0001]\]. Brain cancer, one of the top 10 causes of cancer deaths, remains a serious health threat and is largely incurable. Tumors of the CNS are typically diagnosed after symptoms including headache, nausea, personality changes or focal neurologic impairments appear. The early and accurate diagnosis of a brain tumor is essential for disease management. Therefore it is very important to find markers to detect a malignant cell transformation as early as possible. There are no blood biomarkers useful in the diagnosis of patients with the most common types of brain tumors \[[@cit0002]\]. Numerous studies have shown that alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) are present in the cells of human brain tissues \[[@cit0003], [@cit0004]\]. These enzymes are responsible for metabolism of many biological substances such as ethanol, retinol, and serotonin \[[@cit0005]\]. In our previous study we found that cancer tissue expresses ADH isoenzymes and ALDH activities. Moreover, the activity of total alcohol dehydrogenase and class I isoenzymes was significantly higher in neoplasm cells than in healthy tissue \[[@cit0006]\]. The changed activities of these enzymes in brain tissue are reflected in the sera. The total ADH activity was found to be elevated in the serum of patients with brain tumor. The increase of total ADH activity correlated with class I ADH and seems to be caused by the release of this isoenzyme from cancer cells \[[@cit0007]\].

In the current study, which is continuation of our previous investigations, we defined the diagnostic criteria such as diagnostic sensitivity, specificity, predictive value for positive (PVPR) and negative (PVNR) results, and receiver-operating characteristic (ROC) curves of tested enzymes. These data may be used in the evaluation of ADH and ALDH as candidates for tumor markers in brain cancer patients.

Material and methods {#sec2}
====================

Patients {#sec2.1}
--------

The protocol was approved by the Human Care Committee of the Medical University in Bialystok, Poland (Approval No. R-I-002/460/2011). All patients gave informed consent for the examination.

Serum samples were taken for routine biochemical investigations from 115 patients suffering from brain tumors (62 males and 53 females, range: 28--79 years). All tumor patients were identified from January 2011 to June 2014 in Department of Neurosurgery, Medical University of Bialystok (Poland). Among the cancer patients, 65 patients (41 men and 24 women) were suffering from glioblastoma and 50 patients (27 men, 23 women) had meningioma. The tumors were histopathologically classified according to World Health Organization criteria. We created the following groups, depending on the location of the tumor: frontal lobe, temporal lobe, parietal lobe, cerebellum. Classification was based on preoperative computed tomography (CT) and magnetic resonance imaging scans. Preoperative functional status of the patient was evaluated with the Karnofsky Performance Status Scale. Preoperative magnetic resonance imaging (MRI) was used to determine tumor volumes. None of the patients had received chemotherapy or radiotherapy before sample collection. All of the patients drank alcohol occasionally and self-reported an intake of \< 25 g of ethanol per week. The clinicopathological characteristics of the patients are shown in [Table I](#t0001){ref-type="table"}.

###### 

Characteristics of brain cancer patients

  Variable                     No. of patients
  ---------------------------- -----------------
  Brain cancer patients        115
  Gender:                      
   Males                       62
   Females                     53
  Age                          
   \< 50 years                 62
   ≥ 50 years                  53
  Range                        28--78
  Histological type:           
   Glioblastoma                65
   Meningioma                  50
  Tumor stage:                 
   I                           30
   II                          26
   III                         27
   IV                          32
  Tumor size \[cm\]:           
   \< 3                        60
   ≥ 3                         55
  Location in the brain:       
   Frontal lobe                30
   Temporal lobe               35
   Parietal lobe               28
   Cerebellum                  22
  Degree of differentiation:   
   Good                        68
   Poor                        47

Serum samples were also obtained from 150 healthy subjects (control group, 80 males, 60 females, aged 30--75 years). Control subjects were selected from healthy community residents who attended the hospitals for routine physical check-ups at the Department of Preventive Medicine. All were volunteers and were defined as those with normal results of all physical, blood examinations and CT of the brain. Before the examinations control subjects had not consumed alcohol for almost one month and ethanol did not exist in serum samples of any subject when it was collected.

Biochemical assays {#sec2.2}
------------------

### Determination of total ADH activity

Total ADH activity was estimated by the photometric method with *p*-nitrosodimethylaniline (NDMA) as a substrate \[[@cit0008]\]. The reaction mixture (2 ml) contained 0.1 ml of serum and 1.8 ml of a 26 μM solution of substrate in 0.1 M sodium phosphate buffer, pH 8.5 and 0.1 ml of a mixture containing 0.25 M n-butanol and 5 mM NAD. The reduction of NDMA was monitored at 440 nm on a Shimadzu UV/VIS 1202 spectrophotometer (Shimadzu Europa GmbH, Duisburg, Germany).

### Determination of total ALDH activity

The ALDH activity was measured using the fluorogenic method based on the oxidation of 6-methoxy-2-naphthaldehyde to the fluorescent 6-methoxy-2 naphthoate \[[@cit0009]\]. The reaction mixture contained 60 μl of serum, 60 μl of substrate, 20 μl of 11.4 mM NAD and 2.8 ml of 50 mM of sodium phosphate buffer, pH 8.5. The mixture also contained 50 μl of a 12 mM solution of 4-methylpyrazole as a specific inhibitor of ADH activity. The fluorescence was read at excitation wavelength 310 nm and emission wavelength 360 nm.

### Determination of class I and II ADH isoenzymes

Class I and II alcohol dehydrogenase isoenzyme activity was measured using fluorogenic substrates (4-methoxy-1-naphthaldehyde for class I and 6-methoxy-2-naphthaldehyde for class II) in the reduction reaction according to Wierzchowski *et al*. \[[@cit0010]\]. The assays were performed in a reaction mixture containing a serum (60 μl), substrate (150 μl of 300 μM), NADH (100 μl of 1 mM) and 0.1 M sodium phosphate buffer, pH 7.6 (2.69 ml), in conditions previously described \[[@cit0011]\]. The measurements were performed on a Shimadzu RF-5301 spectrofluorophotometer (Shimadzu Europa GmbH, Duisburg, Germany) at excitation wavelength 316 nm for both substrates and emission wavelength of 370 nm for class I and 360 nm for class II isoenzymes.

### Determination of class III ADH isoenzyme

The assay mixture for class III alcohol dehydrogenase activity contained a serum (100 μl), n-octanol as a substrate (31 μl of 1 mM), NAD (240 μl of 1.2 mM) in 0.1 M NaOH-glycine buffer, pH 9.6 \[[@cit0012]\]. The reduction of NAD was monitored at 340 nm and 25°C on a Shimadzu UV/VIS 1202 spectrophotometer.

### Determination of class IV ADH isoenzyme

The assay mixture for class IV alcohol dehydrogenase activity contained a serum (50 μl), m-nitrobenzaldehyde as a substrate of (132 μl of 80 μM), NADH (172 μl of 86 μM) in 0.1 M sodium phosphate buffer, pH 7.5 \[[@cit0013], [@cit0014]\]. The oxidation of NADH was monitored at 340 nm and 25°C on a Shimadzu UV/VIS 1202 spectrophotometer.

### Diagnostic values calculation

The diagnostic criteria, such as diagnostic sensitivity, specificity, predictive and negative value and the ROC curve, were determined using the program GraphROC for Windows (University of Turku, Turku, Finland) \[[@cit0015]\].
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Statistical analysis {#sec2.3}
--------------------

A preliminary statistical analysis (χ^2^ test) revealed that the distribution of ADH and ALDH activities did not follow a normal distribution. Consequently, Wilcoxon's test was used for statistical analysis. Data were presented as median, range and mean values. Statistically significant differences were defined as comparisons resulting in *p* \< 0.05.

Results {#sec3}
=======

The activities of alcohol dehydrogenase, aldehyde dehydrogenase and isoenzymes of alcohol dehydrogenase in the sera of patients with brain tumor are presented in [Table II](#t0002){ref-type="table"}. The total alcohol dehydrogenase activity was significantly higher (about 28%) in patients with brain tumor than in the healthy subjects. The analysis of ALDH activity did not show a significant difference between the total tested group and healthy subjects. The comparison of ADH isoenzymes' activities showed that the largest difference was exhibited by ADH I. The median activity of this class isoenzyme in the total brain tumor group increased by about 27% (1.92 mU/l) in comparison to the control level (1.40 mU/l). This increase was statistically significant (*p* \< 0.05). The other tested classes of alcohol dehydrogenase isoenzymes had higher activities in the serum of patients with brain tumor, but the differences were not statistically significant in all patients groups (*p* \> 0.05).

###### 

The ADH and ALDH activity in the sera of patients with brain cancer depending on the stage of carcinoma

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variable                  ADH total Median Range   ALDH total Median Range   ADH I Median Range   ADH II Median Range   ADH III Median Range   ADH IV Median Range
  ------------------------- ------------------------ ------------------------- -------------------- --------------------- ---------------------- ---------------------
  Total group (*n* = 115)   942\*\                   2.88\                     1.92\*\              15.06\                12.58\                 5.55\
                            314--1718                1.22--5.95                1.02--4.25           6.67--22.16           6.84--18.66            2.02--12.68

  Stage I (*n* = 30)        911\*\                   2.79\                     1.81\*\              14.55\                12.18\                 5.39\
                            314--1485                1.22--5.51                1.02--3.95           6.67--18.90           6.84--18.12            2.02--12.31

  Stage II (*n* = 26)       937\*\                   2.64\                     1.90\*\              14.92\                12.44\                 5.48\
                            423--1541                1.46--5.72                1.21--4.02           6.91--19.22           6.99--18.40            2.26--12.49

  Stage III (*n* = 27)      973\*\                   2.94\                     2.04\*\              15.24\                12.52\                 5.62\
                            462--1699                1.51--5.90                1.48--4.07           7.13--21.07           7.11--18.45            2.31--12.57

  Stage IV (*n* = 32)       988\*\                   3.03\                     2.17\*\              15.33\                12.78\                 5.77\
                            469--1718                1.62--5.95                1.60--4.25           7.20--22.16           7.25--18.66            2.60--12.68

  Control (*n* = 150)       682\                     2.80\                     1.40\*\              14.68\                12.08\                 5.28\
                            299--1366                1.06--5.49                0.84--3.16           5.67--20.05           7.03--17.77            1.88--11.85
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------

Having analyzed the activity of particular alcohol dehydrogenase isoenzymes depending on the progression stage of the carcinoma, the tendency of ADH I activity to increase in accordance with the progression of disease was observed. Significantly higher ADH class I activity was found in the cancer patients regardless of stage in comparison to the control group. The other isoenzymes did not exhibit marked changes of activity among patients at various stages of the tumor. The serum level of total ADH activity was significantly higher in the cancer patient group (each stage) compared with the control group. We also observed a tendency towards an increase of the total ADH activity together with the progression of the carcinoma. In contrast, the activity of aldehyde dehydrogenase did not show significant one-way changes.

[Table III](#t0003){ref-type="table"} shows the diagnostic criteria for ADH total and ADH I. The sensitivity (78%) and specificity (85%) of ADH I were higher than values for ADH total. Both the positive predictive value and negative predictive value were also the highest for ADH I. Sensitivity of ADH I was higher in a more advanced tumor stage ([Figure 1](#f0001){ref-type="fig"}).

###### 

Diagnostic criteria for ADH total and ADH I for brain cancer

  Parameter   Cut-off \[mU/l\]   Diagnostic sensitivity (%)   Diagnostic specificity (%)   Positive predictive value (%)   Negative predictive value (%)
  ----------- ------------------ ---------------------------- ---------------------------- ------------------------------- -------------------------------
  ADH total   1150               62                           71                           77                              71
  ADH I       3.00               78                           85                           86                              76

The cut-off points were obtained from a study of a healthy population (97.5^th^ percentile).

![Diagnostic sensitivity of ADH total and ADH I in brain cancer depending on the stage of carcinoma](AMS-13-29235-g001){#f0001}

The relationship between diagnostic sensitivity and specificity was illustrated by a ROC curve ([Figure 2](#f0002){ref-type="fig"}). It shows that the ADH I area under the ROC curve (0.71) was higher than the ROC area of ADH total (0.66).

![Areas under ROC curves for ADH I and total ADH activity (ADH I, area = 0.7103, SE = 0.0552, ADH total, area = 0.6614, SE = 0.0631)](AMS-13-29235-g002){#f0002}

Discussion {#sec4}
==========

Brain tumors are one of the most challenging disorders encountered, and early and accurate diagnosis is essential for the management and treatment of these tumors. The diagnosis of brain neoplasms is still confirmed with histopathology examination and must start with careful neurologic examination followed by appropriate central nervous system (CNS) imaging. At the moment, neuroimaging methods are characterized by a lack of specificity for differentiation of brain tumors. The tumor typing and grading are still determined by histopathological assessment of tissue sample and requirement surgical intervention \[[@cit0016]\]. Currently, there are no generally accepted screening protocols for the diagnosis of brain tumors \[[@cit0017]\]. For a long time attempts have been made to find markers for detection of malignant cell transformation as early as possible. Tumor markers are substances expressed in various biological fluids or tissues which could indicate the presence of a neoplasm. These substances should be synthesized and excreted by tumor tissues \[[@cit0018]\]. The best solution in the process of brain tumor diagnosis could be readily available biomarkers that should be useful in the monitoring of the disease course, differential diagnosis and planning surgical intervention \[[@cit0019]\]. In our previous study, we found that the activity of human alcohol dehydrogenase is significantly higher in brain carcinoma tissue than that in healthy tissue and the activity of aldehyde dehydrogenase is not different between both tissues \[[@cit0006]\]. Moreover, the data of the same study showed that only the activity of class I ADH is significantly higher in cancer than in unchanged cells. The other tested classes of isoenzymes had higher activities in cancer tissue than in healthy brain cells, but the differences were not statistically significant \[[@cit0006]\]. The increases of enzyme activity in the tumor are reflected by increase of their activity in the serum. We have found that the serum total alcohol dehydrogenase activity is changed in the course of CNS neoplasms. The increase of total ADH was positively correlated with ADH I, so the cause of the increase of serum total alcohol dehydrogenase activity in the course of brain tumor is an elevation of class I ADH isoenzyme. We also observed a tendency towards an increase of the total ADH activity together with the progression of the carcinoma. Histological grading of brain neoplasms might help in predicting their biological behavior \[[@cit0020]\]. Therefore, detailed analysis of alcohol dehydrogenase and aldehyde dehydrogenase activity in relation to WHO grade of CNS tumors was performed in the current study. According to the WHO classification, grade I and II apply to lesions with low proliferative potential, while grades III and IV are generally reserved for lesions with histological evidence of malignancy \[[@cit0020]\]. We revealed that serum ADH activity was higher in patients with a more advanced tumor grade according to the WHO classification when compared to patients with lower grades of tumors, but these differences were significant only in comparison to the healthy group. The present study is a continuation of our previous research. Higher levels of ADH in patients with more advanced tumors might result from enzyme release by cancer cells and could be helpful for diagnosing brain tumors. The diagnostic criteria for disease markers are sensitivity, specificity and area under the curve (AUC). The ideal marker should possess very high specificity, i.e. not detectable in healthy subjects, and very high sensitivity, i.e. be very early on or when only a few cancer cells are present. The criteria for 100% sensitivity and 100% specificity have not as yet been fulfilled by any of the known tumor markers. In our present study, diagnostic sensitivity was highest for ADH I (78%) and ADH total (62%). The predictive value for positive results indicates the probability with which a tumor exists in the case of positive test results. The negative predictive value for negative results predicts the probability when a tumor exists in the case of negative test results. In this investigation, ADH I has high predictive values for positive and negative results (86% and 76% respectively). The most important criterion for tumor markers is the sensitivity/specificity diagram -- the ROC curve. The area under the ROC curve indicates the clinical usefulness of tested substances. The larger area under the ROC curve corresponds to a better tumor marker. In this study the ADH I (0.71) area under the ROC curve was higher than for ADH total (0.66).

Our research shows that the activity of ADH I and ADH total in the blood of patients with a brain tumor after surgery and chemotherapy or radiotherapy significantly decreases. This effect is most seen after surgical resection of the tumor (unpublished data).

We analyzed the diagnostic parameters together for gliomas and meningiomas because in our previous studies, we found that ADH, ALDH and ADH isoenzyme activities in the serum did not indicate significant differences between patients with glioblastoma and meningioma \[[@cit0007]\]. This is surprising, because they differ in the degree of malignancy, the origin of the cells and etiology, but we found that the activity of ADH and ALDH in cancer tissues of glioblastoma did not differ from that of meningioma \[[@cit0006]\].

The research on cellular changes has shed invaluable light on the biochemistry and pathophysiology of brain tumors. Clinical use of molecular imaging methods is expanding and allows quantitative assessment \[[@cit0021]\]. In recent years, \[18F\]-fluoro-3′-deoxy-3′-L: -fluorothymidine (\[18F\]FLT) has been developed as a proliferation tracer. Imaging and measurement of proliferation with positron emission tomography could provide us with a non-invasive staging tool and a tool to monitor the response to anticancer treatment \[[@cit0022]\]. The interesting key question remains whether the magnitude of biochemical alterations shown by molecular imaging reveals prognostic value with respect to survival, and whether it identifies early disease and differentiates benign from malignant lesions. In our opinion, changes in the activity of ADH may allow early detection and differentiation of benign from malignant.

The ADH and ALDH are cytoplasmic enzymes, but their effects can cause mitochondrial dysfunction. Differences of activity of various ADH isoenzymes between cancer cells and healthy tissue might be a factor of some disorders in metabolic pathways with participation of these isoenzymes, which can lead to carcinogenesis and may affect Warburg's effect.

Currently, only the measurement of beta subunit of human chorionic gonadotropin or α-fetoprotein concentrations in the diagnosis of rare germ cell tumors and pituitary gland tumor is considered useful in routine clinical management \[[@cit0002]\]. However, these markers are typical only for specific and rare types of brain tumors. Novel research has assessed the blood concentrations of placental growth factor (PIGF), neuropeptide Y (NPY), glial fibrillary acidic protein (GFAP) and brain-derived neurotrophic factor (BDNF) in patients with different types of CNS neoplasms \[[@cit0023], [@cit0024]\]. The authors of these investigations concluded that all biomarker concentrations were correlated with patient parameters, including neuropathological diagnosis. Some authors have suggested the role of selected matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs) in the growth and progression of brain tumors \[[@cit0025], [@cit0026]\].

This is the first study showing all the diagnostic criteria for alcohol dehydrogenase and aldehyde dehydrogenase in brain tumor patients. The results obtained demonstrate the potential clinical role for ADH (especially ADH I) as markers for brain cancer, but further investigations and confirmation by a prospective study are necessary.
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